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ABSTRACT 

An experimental and theoretical study has been made of the unsteady 

heat transfer during the shock-induced ignition of an explosive gas. 

The heat flux at the end wall is obtained from measurements that were 

made with a thin film resistance thermometer. A separate analysis is 

based on the solution of the boundary layer equations in the gas near 

the end wall. Comparison of these results yields the rate of 

propagation of the reaction zone towards the wall and the temperature 

distribution in the gas. 
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INTRODUCTION 

This paper reports on an experimental and analytical study of the 

unsteady heat transfer occurring prior to and during a combustion reaction. 

The study is made in a shock tube in region behind the reflected shock 

wave. Previous shock tube research has emphasi the dynamic effects 

resulting from the exothermic processes that occur in the course of a 

1. 

combustion reaction [e.g.~ Oppenheim, Cohen, Short, Cheng and Hom [1]]. The present 

work utilizes .these results as well as the experimentally determined wall 

neat ux reported herein to model the transport phenomena in the region near 

the wall. In particular, a thermal boundary layer is assumed which yields 

the rate of propagation of the reaction zone towards the wall. 

The study has been carried out with a mixture of hydrogen and oxygen 

with argon as the diluent. Reproducibility the results was demonstrated 

and a separate study with pure argon was also made. 



EXPERIMENTAL APPARATUS AND MEASUREMENTS 

The measurements were made in an uminum shock tube of rectangular 

cross-sec on~ 1-!l 11 (3.84 em) by 1-3/4 11 (4.48 em). Experiments were carried 

out with an inert gas, argon, and with a combustible mixture of 2H2 + o2 + 27A 

as the test or d ven gases on the low pressure side of the diaphragm. The 

driver gas, on the high pressure side, was helium. 

Kistler pressure transducers ( S/N 52036) .were mounted on the top of 

the (or expansion) section to detect the arrival of the shock wave at 

their respective locations. The resulting signals were recorded on a Tektronix 

dual beam oscilloscope. The transducers were placed 4.00 11 (10.16 em) apart. 

The travel time of the shock wave between the pressure nsducers was 

determined from measurements made with a Hewlett-Packard electronic digital 

counter. From these measurements the speed of the shock wave was determined. 

The sound speed was determined from the measurement of the initial temperature 

of the test gas. The resulting values of the Mach number, along with the 

ini al temperature and pressure, permit the calculation of the temperature and 

pressure behind the incident shock wave and behind the shock wave that 

reflects off the end wall. 

measure the temperature at the end wall as a function of time, a 

thin-film resistance thermometer was used [2-12]. This gauge consisted 

of a thin platinum film that was painted and baked on a ceramic base, Macor, 

made by Corning Glass Works. The gauge was mounted flush with the wall. A 

temperature change caused a change in the resistance of the platinum film and 

2. 

the corresponding voltage was recorded (cf. Fig. 1). The stance thermometer 

was calibrated in a thermally controlled enclosure so that the wall temperature 

variation could then be determined from the voltage output. The value of the 



resulting heat flux is dependent on the parameter (pck)i of the insula ng 

ceramic base. This va·lue is 0.033 cal/cm2 si (0.138 wsi/cm2K) for Macor 

[11,12]. 

3. 

Measurements with the combustible mixture [2H2 + o2 + 27A] were carried out 

for two nominally identical runs: 214 and 219, corresponding to i tial 

pressures of 1.84 psia (95.2 mm Hg) and 1.85 psia (95.4 mm Hg); initial tem­

peratures of 534.5°R (296.9°K) and 535.1°R ( .3°K); Mach numbers of 2.35 and 

2.39. The values of the pressure and the temperature immediately after shock 

wave ection are 44.9 psia (2322 mm Hg) and 47.3 psia (2445 mm Hg); 

2371°R (13l7°K) and 2407°R (1337°K). 



ANALYSIS 

The determination of the heat ux during shock wave heating is based 

on the measured surface temperature of a thermally infinite solid (Macor) 

that is initially at a constant temperature. The solution for the wall heat 

flux is given by [5]: 

4. 

To perform the numerical calculations for the heat flux it is more convenient 

to use the following form of equation (1) [5]: 

which does not involve the evaluation of derivatives~ 

In the absence of combustion the end wall temperature rapidly increases 

to a value Tw that remains constant [5]o 

ux is given by 

For this condition the wall heat 

An alternative evaluation of the wall ux may be obtained from a 

solution of the conservation equations in the gas. The gas in the end 

wall region undergoes a rapid increase in temperature due to compression 

from both the incident and the reflected shock waveso The effect the wall 

is to cool the gas in a boundary layer which grows with time. Neglecting 

viscous dissipation a~d species diffusion ~nd taking the pressure to be 

(1) 

(2) 

(3) 



5. 

uniform yields the following one-dimensional equations of continuity and 

energy [6-9]: 

* + ~x ( pu) = 0 ( 4) 

where~ is the coordinate perpendicular to the end wall. The continuity 

equation is satisfied by a stream coordinate~ according to 

where P;g is the initial constant density of the gas after shock wave 

reflection. The energy equation in *'t coordinates is then given by 

During the pre-ignition period, corresponding to about the first twenty 

microseconds after the shock wave has reflected off the end wall, the 

pressure is constant and results for the heat transfer may be readily obtained. 

This interval is followed by ignition which takes place in a plane close to 

the end wall. This is accompanied by a detonation wave which propagates 

from the end wall and a diffusion transport which proceeds towards the 

wall, In view of the different phenomena occurring in the preignition and 

combustion periods, it is convenient to consider them separately, 

(6) 

(7) 



6. 

Pre-Ignition Period 

During this interval the pressure is constant and the ysis is 

identical to that for an inert gas [6-9]. Briefly, the energy equation 

becomes: 

(8) 

where 

* e "" T/T,. g. T
1
. g "" T

00 
"' T5 , K =. k a = /p c ' . ig' ig g ig p 

Note that for an ideal gas at constant pressure p/pig = T19tT = l/8. The 

1 a1 and boundary conditions are: 

(9) 

The end wall location corresponds to w = 0. 

nee there is no characteristic length or time in the problem, it is 

apparent that e is a function only of w2/aigt [6-9]. This requires that the wall 

surface temperature, Tw, be a constant which is in agreement with the experi-
:k 

mental results [6-9]. Therefore we let n = w/(2a19t) 2 and obtain 

9 
is the temperature of the gas immediately after the shock wave has 

reflected off the end wall (Liepmann and Roshko [13]). The subscript ig 
is used to distinguish this from the initial (room temperature) condition 
in the solid as used in Eqs. (2) and (3). 



7, 

(1 0) 

e( "" 1 , e (11) 

Using a power law dependence for the thermal conductivity, K = k/k. = (T/T. )a, 
1 g 19 

with a value for a, completes the specification of the problem [ 8,9 ]. For 

a= 1.0 the heat flux obtained from Eqs. (10) and (11) is given by 

= k.~ 
(T 

00 
) 

1g ITia.. t 
19 

This result is also given in the Appendix. For a equal to 0.7 

[8,9,14] the heat flux q is obtained from a numerical solution to wg 
Eq. (10) subject to Eq. (11) [8,9]. 

( 12) 



8. 

Combustion Period 

The next interval includes effects of combustion and now the pressure 

is time dependent. The energy equation in ~~t coordinates is now given by 

Introducing 

yields 

T a 
v"" (-) 

T;g 

n a(l-y)Jy L (ay-a+l)/y 
(p.-) and d-r = (p. ) dt 

19 19 

a-1 
av ""a. va a2v 
a-r 19 alj.!2 

The i tia1 and boundary conditions are: 

V(ljJ,-ri) = fcn(tjJ) 

T a a(l-y)/y 

V(O,-r) = (~) (L) 
Tig P;g 

T a a(l-y)/y 

V(o,-r) "" (-c-) (L) 
Tig p, 

19 

The transformed time -r
1 

is defined to be the time at the beginning of 

the combustion period which is the same as the time at the end of the 

pre-ignition period. The temperature of the combustion zone, Tc, along with 

the location of the combustion zone, 8, are required and these are discussed 

in the next section. For completeness it is noted that Eq. (14) was solved 

numerically using an explicit finite difference method to calculate the 

temperature profiles and the heat flux qwg' A time increment, ~T~ of 

lv second and a space increment, ~lj.!, of 15.1v were used. 

(12) 

(13) 

(15a) 

(15b) 

(15c) 



RESULTS AND DISCUSSION 

is important to emphasize that the determination of the wall heat 

ux, qws' only requires the specifi ion the thermal properties of 

the ceramic solid and the temperature difference~ Tw-Ti' in the solid. 

During the pre-igni on period wall temperature is constant and the 

flux, qws' is then obtained from the simple relation, Eq. (3). 

The determination of the heat ux, qwg' during the pre-ignition 

riod was previously presented (cf. Pre-Ignition Period, Eqs. (8) - (12)]. 

Briefly, during this period the pressure, p, the .wall temperature, Tw, and the 

temperature outside the boundary layer, T , are constant and the phenomena 
00 

and analysis are identical to that for the inert gas problem [6-9]. The 

heat transfer, qwg' is determined from ~ne solution of the energy equation, 

Eq. (10), subject to the conditions of Eq. (11), A comparison of the values 

obtained for the heat fluxes, qwg' with a= 0.7 and a= 1.0* [8,9,14] and, 

qws' as obtained from Eq, (3) is presented in Figs. 2a and 2b. During the 

pre-ignition period, which corresponds to the first 20 ~sec after shock wave 

reflections the heat fluxes agree to within 4% and 6% for Figs. 2a and 2b, 

respectively. For runs with pure argon the agreement was 8% and 3% for two runs. 

Recall that during the pre-ignition period the pressure is constant so 

that T = t. The heat flux decreases during this interval because the 

temperature difference across the thermal boundary layer in the gas, T -T , 
00 w 

is constant while the thickness of the layer is increasing with time. The 

heat fluxes in Figs. 2a and 2b show this decrease during the pre-ignition 

period. 

*The result for a= 1.0 is discussed in the Appendix. 

9, 



When combustion begins, the temperature the in the reaction 

zone rapidly increases and this effect diffuses to the end wall where it 

increases the wall temperature (cf. Fig. 1) and increases (or retards the 

of of) _the wall flux. This variation of the heat flux, qws' 

is ~hown in Figs. 2~ and 2b. 

The determination of the heat flux~ qwg~ requires information relevant 

to the gas transport. From the work of Oppenheim, et al. [1]~ Cohen, et al. 

* 7], and Cheng [18] the induction or "ignition~~ time is 20 11sec after 

the shock wave has reflected off the end wall. The reaction is initiated 

at this time and is assumed to take place at the penetration depth or 

boundary layer thickness, o; i.e., the location where the temperature reaches 

99 percent of the free stream value. From the analysis during the pre­

ignition period the penetration depth and the temperature distribution are 

determined as a function of time and at T = TI = 20 11sec this gives the 

initial condition for the combustion period required in Eq. (15a). The 

cu1ations of the pressure, p, and the temperature of the reaction zone, 

, during the course of the reaction were based on previous experiments 

and theoretical studies which included the gas dynamic phenomena and the 

chemical kinetics of the reaction [1,15-18]. The values are shown in 

Figs. 3 and 4 for Run 214 and the values ofT are given in Table l. The 

remaining consideration is the propagation of the reaction zone, o(t). Once 

this quantity is obtained the energy transfer may be determined in accordance 

with the solution of Eq, (14) subject to Eqs. (15). Note that the model 

is one of thermal transport with the effect of combustion to increase the 

temperature of the reaction zone. 

culations were made for different trajectories for the reaction 

zone, o(t), as shown in Figs. (5a) and (5b) and the corresponding values that 

is is designated as the pre-ignition period. 

10. 



11. 

were calculated for qwg are shown in Fig. 6 for Run 214. The diffusion from 

the reaction zone to the wall proceeds in the same manner for all the cases con-

sidered; the difference is solely that the propagation is stopped at a final or 

quenching distance at ~BF = 9~~~ 8~~. 7~~ or 6~~ (~~ = 15.1 ~) for the various 

cases considered. The calculations were carried out with the temperature, Tc' 

the same location for two consecutive tfme increments. In detail, for 

Run 4, values of Tc equal to 1338°K and 1339°K were applied at 196~ for 

two consecutive time steps; Tc = l342°K and 1343°K were appli~d at 181~ for 

the next two consecutive time steps, From the comparison of the 

fluxes, qws and qwg' it is seen that the best agreement is achieved for the 

case ~BF = 6~~ and the corresponding temperature distribution in the gas is 

shown at different times in Fig. 7. Carrying out the transformation from~ 

to x yielded the results shown in gs. 5a and 5b. For the case ~BF = 6~~. the 

minimum value for o for Run 214 is 44~ which increases slightly to 50~ 

at 45 ~sec (cf. Fig. Sa). This procedure was also carried out for the 

nominally identical Run 219 which was cited in the section on Experimental 

Apparatus and Measurements. For this case the minimum value for o is 48~ 

which increases to 59~ at45 ~sec (cf. Fig. 5b). Calculations were carried 

out until T = 45~sec. At this time the detonation wave overtakes the re-

fleeted shock wave and values for the s of the gas were not available. 

For clarification the case ~BF = 6~~ is presented separately in Fig, Ba 

for Run 214 and in Fig. 8b for Run 219. For completeness, the thermal con­

ductivity variation k/kig = (T/T;
9

)1 ~ i.e., a= 1, is also shown which was 

discussed in the Appendix. 

Of particular interest is the result for the variati6n of the heat 

transfer coefficient. h. which is defined by 

(17) 



results h are presented in Fig. 9 with hs based on qws and h
9 

based on qwg· The heat transfer coefficient decreases during the pre­

ignition period corresponding to the increase in the thickness of the 

boundary layer and the constant value for the temperature difference, 

T -T • During the combustion 
00 w od the heat transfer coefficient de-

creases slightly and then increases as the effects of combustion diffuse to 

the end wall. The results for Run 219 are very close to those for Run 4 

and are not shown. 

In concluding, we note that it would have been desirable carry out 

a study over a range of conditions 9 but this was not feasible because the 

ated information that is required was not available. Indeed, the experi­

mental and theoretical study of the gas dynamics and chemical kinetics of 

the hydrogen-oxygen system which were needed for the conditions studied in 

this work represented a substantial portion of the previous work that has 

been cited [1,15-18]. The present work uses and extends these studies 

to include transport phenomena in the region near the wall. In particular, 

results have been presented for the first time for the wall heat flux and 

the location of the combustion zone as a function of time. 

12. 



APPENDIX 

For a linear variation of the thermal conductivity with respect to 

temperature, K = k/k;g = (T/T;g)a, .a = 1.0, Eq. (10) becomes 

13 

subject to the conditions given in Eq. (11). This linear problem may be 

readily solved and the result for the heat flux is 

(T 
00 

During. the combustion period, the energy equation, Eq. (14), reduces 

to 

subject to the conditions 

V (1j!,TI) "" fcn(1j!) 

'T / \ {1-y)/y 

v (0,-r) = 
( T~g ,- P I 

:lp:-1 
\ 19/ 

,'T c \ / P 
(1-y)/y 

v (o,-r) "" ~11-

\Tig/\P;g 

This problem has been solved numerically. 

(A-1) 

(A-2) 

(A-3) 

(A-4a) 

(A-4b) 

(A-4c) 



The case a = 0.7 corresponds to the correct thermal conductivi 

variation and the better agreement shown in Figs. 2a and for a= 0.7 

rather than 1.0 is in accord with this specification. The a= 1.0 case 

14. 

is appealing, however, because the·resulting equations are simpler and the 

corresponding results, although not as accurate as those for the a= 0.7 

case, are much more easily obtained and may be adequate for many applications. 
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